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CMOS DIGITAL PULSE WIDTH MODULATION CONTROLLER 

Cross-Reference to Related Applications 

5 The present invention is related to commonly assigned, copending U.S. Patent 

Application No. 1 0/099,661 , d51ed on the same date as ibis application and entitled: 
"Three-Terminal, Low Voltage Pulse Width Modulation Controller IC", the disclosure 
thereof being incorporated herein by reference, 

1 0 BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention relates to pulse width modulation (PWM) controllers. More 
1 5 particularly, the present invention relates to a digital logic based pulse width modulation 
(PWM) controller realized as a single complementary metal oxide semiconductor 
(CMOS) integrated circuit (IC) chip. 

Introduction to the Invention 

20 

It is very desirable to minimize the cost, size and power dissipation of a low-cost 
off-line switching power supply for low power applications, such as recharging cells and 
batteries used in portable consumer appliances, such as entertainment units, personal 
digital assistants, and cell phones, for example. One method to achieve these desirable 
25 goals is to use one or several integrated circuit controller chips providing PWM control. 

A PWM switched power supply reqmres a variable pulse width that is controlled 
by an error signal derived by comparing actual output voltage to a precise reference 
voltage. The pulse widtia of the switching interval must also be constrained to be within a 

30 minimum and maximum duration. These constraints are imposed for correct PWM power 
supply or motor driver operation. In a typical single-chip PWM controller IC derivation 
of a controlled pulse width is typically achieved by employing ramp generatorSj 
comparators, and monostable multivibrators (one-shots). These circuit elements typically 
require precision analog circuits with moderate to high speed, and consequently do not 

35 scale well with a high-speed logic process, such as complementary metal oxide silicon 

(CMOS). To take advantage of high speed, sub-micron CMOS processes now available a 



BNSDOCID: <WO 03079526A2_.L> 



wo 03/079526 



PCT/US03/()7664 



2 

different approach is needed. In the new approach, digital logic circuit elements are used 
to replace and supersede the older analog circuit methods. Counters, magnitude 
comparators, state machines, and processors are used to replace the old analog elements 
of ramp generators, comparators and one-shots. While this conversion is deskable, the 
particular combination of digital logic circuit elements to achieve an effective, low cost, 
low power digital PWM controller solution using CMOS is not particularly obvious from 
the prior art approaches due to the requirement of high speed clocks and analog to digital 
converters with a low power. 

PWM controllers are typically designed to regulate the output voltage of a 
switching power supply. For the best accuracy, it is desirable to control the average 
output voltage, rafbsr than instantaneous voltage. Therefore, it would be desirable to 
filter out the output ripple. One method is to employ an ADC with intrinsic filtering. 
One such ADC is a delta-sigma ADC that employs oversamphng and decimation to filter 
the ripple. However, in order to employ successfully a delta-sigma ADC, a high 
frequency, oversampling clock is needed. 

In an integrated circuit QC) high speed logic, comparators, amplifiers, etc., 
typically have both power supply and temperature sensitivity. Oscillators comprise an 
unstable feedback loop with one or more of these sensitive components in tiie loop 
combined with less sensitive passive components. The passive conqwnents are not as 
supply and tempa:ature sensitive as tiie active components. However, at higher 
frequencies, these active circuits have a larger percentage of the delay of the loop delay. 
Thus, at higher frequencies, the sensitivity to supply and temperature variations remains. 
The classic solution to this problem is to design a power supply and tamperature 
msensitive low frequency oscillator and up-convert the frequency using phase locked loop 
(PLL) techniques. This solution works well, but it is complex, relatively e^qwnsive to 
build, and cojosumes a lot of power. 

Switching power supplies are known to emit electromagnetic interference (EMT) 
or radio frequency interference (RFl) at frequencies centered at harmonics of the 
switchmg frequency. Consequently, governmental regulators have adopted rules Ihniting 
the level of EMI that can be emitted from a switching power supply unit. The 
specification for conducted EMI has different specification bands. To lower the signal 
spectrum peaks, frequency dither has been used. Frequency dither lowers the 
requirements of the filtering techniques requhed to meet government regulations. The 
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lower filter requirements lower the cost of the PWM-based power supply. Frequency 
dither is typically carried out by adding a jitter signal to the PWM clock oscillator 
feedback loop. For typical values of jitter employed in liie prior art approaches, the 
switching harmonic peaks are only slightly reduced* Therefore, it would be desirable if 
5 jitter could be more accurately controlled, thereby enabling jitter to be increased and the 
harmonic peaks across the spectrum of EMI to be reduced even further. While the need 
for more precisely controlled jitter is known, the solution is not immediately apparent 
from prior approaches. 

10 BRIEF SUMMARY OF THE INVENTION 

A general object of the present invention is to provide alow cost digital logic 
based PWM controller realized as a single CMOS IC chip in a maimer overcoming 
liraitations and drawbacks of the prior art. 

15 

Another object of the present invention is to provide a fully integrated on-chip 
reference oscillator for directly generating a frequency-stabilized high frequency reference 
clock operating at a reference clock frequency preferably in a range from 1-1 50 MHz 
without complex phase lock loop circuitry and without any external frequency-stabilizing 
20 circuit elements. 

Another object of the present invention is to provide an analog-to-digital converter 
for a CMOS digital PWM controller chip comprising an oversampling delta-sigma 
modulator and a P WM-synchrordzed decimation filter, thereby providing very hi^ 
25 rejection of the output ripple and all its significant harmonics. 

Another object of the present invention is to provide a digital logic controller 
circuit for a CMOS digital PWM controller chip in a manner overcoming limitations and 
drawbacks of the prior art 

30 

Another object of the present invCTtion is to provide a CMOS digital PWM 
controller having digitally generated jitter modulation in order to reduce EMI otherwise 
emanating from a power source being controlled by the controller, in a maimer 
overcoming limitations and drawbacks of the prior art. A related object is to incorporate 
35 controlled pse\ido-random jitter modulation into the PWM control pulse repetition rate by 



BNSDOCID: <WO 03079526A2_L> 



wo 03/079526 



PCT/US03/07664 



4 



employing a linear feedback shift register as part of a pseudo-random PWM control 
period generator within a digital logic PWM controller. 

A further object of the present invention is to provide a digital PWM controller 
5 that may be implemented as an integrated circuit employing a low voltage CMOS 
fabrication process. 

The foregoing and related objects and features of the present invention are realized 
by a digital PWM controller embodied as a small, unitary monolithic CMOS digital IC 
10 chip having, e.g., an area of about 2.26 mm^ (3500 mils^) in an 0.8 micron CMOS array. 
In one circuit configuration the IC chip may be packaged and connected as a self- 
contained tiiree terminal device. In another circuit configuration, the same IC chip may be 
packaged and coimected as a self-contained four-or^more terminal device. 

15 The CMOS digital IC chip includes a first input for receiving a first feedback 

control value related to an output parameter of a power circuit (such as a switching power 
supply or motor controller) which is controlled by the digital PWM controller. TheIC 
chip includes a digital output switch, such as a field effect transistor (FET), for providing 
digital width-modulated control pulses at a control pulse rate to control the power circuit 

20 The switch may have power to drive low voltage loads directly or may drive external high 
voltage, higher power devices. The digital control pulses are widfh-modulated between a 
miTii Trmm pulse width and a maximum pulse width in relation to the feedback control 
value. A digital reference clock generator is flilly contained within the IC chip and 
without aiiy external firequency-determiiiing elements, such as capacitors, crystals, 

25 resonators, or the like, and it generates directly a reference clock at a reference clock rate 
much higher than the control pulse rate of the PWM controller. For example, if the PWM 
control pulse rate averages about 130kHz with frequency dither, the reference clock 
preferably operates at approximately 8.3MHz, and tlaereby provides a clock effectively 
enabling oversampling of an output feedback control signal. Accordingly, the IC chip 

30 includes at least one oversampling analog-to-digital converter, which is used for sampling 
at the reference clock rate the output feedback control value at the input and for putting 
out digital words representing average feedback control values at the control pulse rate. 
The IC chip further includes a digital control logic state machine that is clocked at the 
reference clock rate. The logic state machine generates at least a minimum PWM control 

35 pulse interval, a maximum PWM control pulse interval, and a data acquisition interval. 
Accordingly, the logic state machine synchronously controls the analog-to-digital 
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converter at the control pulse rate and generates and applies the digital width-modulated 
control pulses to the on-chip, low voltage, current-carrying FET digital output switch for 
controlling the power circuit Most preferably, the control logic state machine mcludes a 
digital pseudo-random period generator, most preferably including a linear feedback shift 
5 register, for generating controlled large firequency dither of the control pulse repetition 
rate, thereby to spread control pulse harmonics across a radio firequency spectrum and 
reduce EMI at any particular firequency within the spectrum. 



An additional advantage of the high speed logic approach as compared to 
1 0 traditional analog techniques is that all timings are directly related to the master internal 
clock. Thus, any adjustment to the master clock changes all important time specifications 
together in a ratiometric fashion. It improves testability, integrated circuit process 
insensitivity, and frequency scaling. The latter allows for a much larger application range 
for the clock and the clocked device and at little or no extra cost. 



15 



20 



These and other objects, advantages, aspects and features of the present invention 
will be more fully understood and appreciated upon consideration of the detailed 
description of preferred embodiments presented in conjunction with the following 
drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 



The inv^tion is illustrated by the drawings in which Figure 1 is a schematic 
circuit diagram of an off-line switching pow^ supply for small power applications 
25 including a low-volt^e CMOS digital PWM controller IC conj5.gured in a three-terminal 
package in accordance with principles of the present invention. 



Figure 2 is a schematic circuit diagram of an off-line switching power supply 
similar to the Figure 1 supply and using an opto-isolator to hnpose a separately-sensed 
30 feedback control signal upon a voltage supply for the PWM controller as used in Figure 1 , 

Figure 3 is a logic block and circuit diagram of the low-voltage CMOS digital 
PWM controller IC used in the Figures 1 and 2 switching power supplies. 



35 Figure 4 A is a logic block diagram of a first part of the state control logic circuit 

shown within the PWM controller IC in the Figure 3 block diagram. 
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Figure 4B is a logic block diagram of a remaining part of tiie state control logic 
circuit of the primary side PWM controller IC of Figure 3. 

5 Figure 5 is; a logic block and schematic circuit diagram of a high-frequency- 

stabilized low power clock oscillator preferably used within the primary side PWM 
controller IC in the Figure 3 block and circmt diagram. 

Figure 6 is a logic block and schematic circmt diagram of a synchronous delta- 
10 Sigma analog-to-digital converter preferably used within tiie primary side PWM controller 
IC in the Figure 3 block and circuit diagram. 

Figure 7 is an amplitude versus time base graph of step-down transformer 
switching current of tiie Figure 1 off-line power supply conventionally operatmg without 
15 any frequency dither of the PWM control interval. 

Figure 8 is an amplitude versus time base graph of step-down transformer 
switching current of the Figure 1 ojff-line power supply operating with digital frequency 
dither of the control interval in accordance with principles of the present invention. 

20 

Figure 9A is an amplitude versus frequency domain graph showing operation of 
the Figure 4 PWM controller with zero percent dither. 

Figure 9B is an amplitude versus frequency domain graph showing operation of 
25 the Figure 4 PWM controller with 10.7 percent dither. 

Figure 9C is an amplitude versus frequency domain graph showing operation of 
the Figure 4 PWM controller with 47.7 percent dither. 

30 Figure 9D is an amplitude versus frequency domain graph showing operation of 

the Figure 4 PWM controller with 96.9 percent dither. 
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DETAILED DESCRIPTION OF THE INVENTION 

As shown in the Figure 1 diagram of an off-line switohing power supply 100, a 
single IC 10 having three terminals can provide PWM control at the primary side df the 
5 power supply, based upon feedback received from a secondary side bias winding 113. 

As used in the example of Figmre 1, the off-line switching power supply 100 
receives energy from the commercial AC power grid via a suitable connection or 
connector arrangement. A fuse 102 protects the power sv^pply 100 from fault conditions. 

10 A diode bridge 1 04 full-wave rectifies the mcommg AC power into pulsating DC, and a 
filter capacitor 106 lowers the AC ripple. The resultant DC voltage is applied between 
ground and an energy-storing primary winding 1 10 of e.g. a step-down transformer 109, 
While a step-down flyback converter is shown in the example of Figure 1, the power 
supply could provide a step-up transformer, a SEPIC (Single Ended Primary Inductance 

15 Converter), a boost converter, or inverting converter, or buck converter. These are all 
well known in prior art PWM power supplies. The transformer 109 also includes a 
secondary winding 1 12 feeding a diode rectifier 1 14, a storage capacitor i 16, an output 
filter inductor 118, and an output filter capacitor 120. Conventionally, a secondary side 
groxmd or retum terminal is not coimected to the off-line primary ground. The secondary- 

20 side output line may include a current sense resistor 122 enabling sensing magnitude of 
output current being supplied to a load. An error voltage derived from sensed load 
current would be combined with an error voltage derived from sensed voltage, and a 
composite error voltage would be fed back in a known manner to control operation of the 
primary side PWM controller 10. 

25 

A high voltage MOS switching transistor 124, which in this example is external to 
the PWM controller chip 10 to enable high current delivery by the switching power 
supply 1 00, alternately passes and blocks current flow through the primary winding 1 1 0 of 
the switching transformer at a predetermined relatively high frequency, such as about 130 

30 kHz. The high voltage transistor 124 is only needed in high voltage applications; m lower 
voltage applications, the external high voltage transistor maybe omitted. The switched 
energy is stored in the primajy winding 1 10 and core of the transformer 109 and is passed 
by mutual induction to secondary winding 1 12 in conventional fashion. A snubber circuit 
128 connected across primary winding 1 10 protects switching transistor 124 against 

35 reverse breakdown overvoltage spikes otherwise induced in primary winding 110. The 

duty cycle of the transistor 124 is pulse-width-modulated in order to regulate precisely the 
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operation of the power supply 100 in delivering electrical energy at regulated output 
voltage and current to a load attached to the secondary side. 

In accordance with an aspect of the present invention, a low-voltage CMOS PWM 
5 controller 10 may be used in a three-terminal configuration formed by a low cost through- 
hole package^ such as TO-92. In this configuration of PWM controller 10, the high 
voltage switching transistor 124 is connected and operated in a common-gate, source- 
switched topology within the power supply 100. In this topology, the source voltage of 
transistor 124 is switched between a voltage just less than the gate electrode voltage of 

10 FET 124 and ground by operation of the PWM controller 10, enabling use of the low 

voltage PWM controller IC 1 0. Gate bias voltage for the high voltage switching transistor 
124 is established at a nominal low voltage above primary side ground, such as 125 volts 
positive, by e,g. a zener diode 125. Voltage to bias the zener diode 125 into reverse 
(regulating) conduction is obtained from the rectified high voltage DC via e.g. a resistance 

15 network of series resistors 129 and 131. The gate of transistor li24 may be decoupled 
fi:om the zener diode 125 by a resistor 127 in the Figure 1 exaniple, and a capacitor 126 
furfher smoothes the DC gate voltage established by reverse breakdown characteristics of 
zener diode 125. 

20 As shown in the controller block diagram of Figure 3, the prunary side PWM 

controller IC 10 includes hi series with the external high voltage switching transistor 124 
a current-carrying low voltage switching transistor 28 controlled by width-modulated 
pulses and a low value current-overload-sensing resistor 128 to primary side ground. 

25 The primary side controller IC 10 receives control information firom at least two 

sources. In the Figure 1 example, one source of feedback information, such as an error 
voltage representing output voltage to the load is obtained firom the third bias winding 113 
of the transformer 109. A rectifier 141 and smoothing capacitor 143 provide secondary- 
side feedback, and also provide operatmg power to the PWM controller 10 at a terminal 

30 FB/BIAS 45. Alternatively, a sense resistor and a voltage reference, with or without an 
amplifier may be used to develop the output voltage/current feedback signal. 

An isolation device may be employed to provide isolation across a high voltage 
(e.g. three kilovolt) isolation barrier separating the primary side ftom the secondary side 
35 of power supply 1 00, for example. In a configuration shown in Figure 2, an opto-isolator 
50 serves as the isolation device and provides isolation between the secondary (load) side 
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and the primary (off-line) side. The circuit of Figure 2 has an advantage of directly 
measuring output voltage provided to the load to create a feedback control signal that is 
passed across the opto-isolator 50. A light-emitter 52 of opto-isolator 50 is connected to a 
common node of a series resistor network of resistors 54 and 56 connected from the DC 
5 output to secondary side ground. A zener diode 58 establishes a reference operating 
voltage for light-emitting-elCTient 52. The light level passed by element 52 to a photo- 
detector element 60 provides a measure of the voltage present at the DC output of power 
siipply 100 feeding an extemal load. Variations in output voltage relative to reference 
operating voltage result in changes in light level, and changes in the error signal fed back 
10 to the PWM controller IC at node 45. A capacitor 62 connected at bias terminal 45 

provides energy storage for chip-startup, explained in connection with Figure 3. Other 
elements of the Figure 2 power supply which are common with the supply 100 of Figure 1 
bear the same reference numerals and are not further described. 

15 In an alternative configuration the primary side PWM controller 1 0 comprises a 

CMOS circuit array encapsulated in a multi-pin plastic package, configured for 
conventional through-hole or surface moimting and electrical connection. 

Turning to Figure 3, the primary side PWM controller IC 10 includes a reference 
20 clock generator 14, a slate control logic block 1 6, a start-up and over-voltage fault circuit 
1 8, a pseudo-random minimum period delay generator 20, an analog-to-digital (ADC) 
converter 24, an output drivCT 26, the output low voltage switching transistor 28, an 
output current feedback comparator 30, a current feedback control digital-to-aoalog 
converter (DAC) 32, a thermal protection circuit 34 and a trimming circuit for setting 
25 certain digital operating parameters within the chip 10 at the factory. Each of these circuit 
elements will be described in further detail below. Extemal pins of the IC 10 most 
preferably include a ground pin 40, a bias siipply voltage pin 45, a secondary side 
feedback pin 44, a negative voltage pin 46, an outpul: switch gate pin 48, and an enable 
pin 49. These pins are electrically wired or coimected to appropriate bonding pads of the 
30 IC 10 during the IC packaging process at the fectory. 

In the circuit of Figure 3 the primary side controller IC ground pin 40 is groimded 
to a primary side groimd (which is typically isolated from a secondary side ground to 
provide desired voltage isolation between off-line input and the output). In the 3-tenmnal 
35 package usage exampies provided by Figures 1 and 2, the chip supply voltage and the 
feedback error voltage are presented together at pin 45. An internal resistance network 
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comprising series resistors 36, 38, and 40^ extend between bias supply voltage pin 45 and 
enable pin 49, thereby to isolate the feedback voltage from the supply voltage in the 
multi-pin configuration. An internal programming link 41 shunts resistor 38 for the 3- 
terminal configuration, and is removed for the multi-pin pack^e configuration, 
5 Likewise, an internal ground connection is made at a common node of the resistors 40 and 
41 in the B-piu package configuration, and is removed in the multi-pin package 
configuration as part of factory programming. 

An input voltage comparator 43 in front of ADC 24 connects directly to feedback 
10 pin 44 and to a common node of resistors 38 and 40; and, the comparator 43 compares the 
feedback voltage to an intemalij^ generated reference voltage. The difference becomes the 
error voltage applied to the ADC 24/ 

The current in transistor 124 is sensed by comparator 30 at resistor 128, and is 
15 limited by the chip to protect transistor 124 from over-current events. Three-terminal 
package implementations of the present invention are desirably adapted for and used in 
low power switching power supply applications ^ere an on-chip output switching FET 
28 of IC 10, connected in series with tiie source electrode of FET 124, is capable of 
dissipating heat generated during switching events to the external ambient environment. 

20 

At startup, no voltage is present at bias winding 1 13, and the source of FET 124 is 
at a level just below the gate bias potential. Thus, in order to provide startup energy for 
the PWM controller 10, the startup cncuit 18 causes a FET 19 to conduct and pass energy 
from the switching terminal 48 to the bias terminal 45 through a resistor 21 and one-way 

25 flow diode 23, wh^eupon the startup energy is stored in the external capacitor 62 (shown 
in Figure 2). A zener diode 25 limits the startup voltage to a predetermined limit, such as 
6.3 volts. Once voltage appears from winding 113, the startup circuit turns off FET 19 
. and the IC 10 draws its operating cun^ent solely from the bias terminal 45. Undervoltage 
and overvoltage comparators and logic are included in liie circuit 1 8 to start and stop the 

30 startup circuit during operation of the power supply 1 00. Reference is made to conmaonly 
assigned, copending U.S. Patent Application Serial No. 10/099,661, filed on the same 
date as this application and entitled: "Three-Terminal, Low Voltage Pulse Width 
Modulation Controller IC" for ftirther details concerning the startup circuit 18 and related 
startup circuitry of IC 10. 

35 
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In accordance with aspects of the present invention by simply selectively 
connecting output pads of the IC chip 10 to connection pins, the primary side controller 
IC may be configured and used either as a three-pin device or as a four, five or more pin 
device. This pin/package configuration is carried out at the factory when the IC 10 is 
5 encapsulated within the selected package and when its leads are electrically connected to 
bonding terminal pads of the IC chip and the particular chip is suitably programmed for 
its particular application/desired characteristics Most preferably, the PWM controller IC 
10 is formed as a single chip having generally rectangular dimensions with about a two- 
to-one aspect ratio (e.g. 200 by 250 microns). By using a standard 0.8 micron line width 
10 CMOS fabrication process, an area of approximately 2.26 mm"^ (3500 mils^) is occupied 
with integrated circxutry, connection pads, and the like. 

Logic Circuit 16 

15 In accordance with principles of the present invention, all of the functions needed 

to provide pulse width modulation control are carried out in a low voltage CMOS logic 
chip. One advantage of employing CMOS logic is that the resultant circuit has very high 
power supply rejection. 

20 One example of a suitable logic array for realizing a PWM logic controller IC 

embodied in low-voltage CMOS is shown in Figures 4 A and 4B. On-chip master timing 
is implemented by a 7-bit counter 1 60 clocked at a reference clock frequency, e.g. 120ns, 
supplied by the reference clock generator 14. The logic circuit 16 generates a control 
pulse interval of modulated duration at a nominal frequency of 130kHz, for example, and 

25 synchronously controls all of the timing within the PWM controller IC 1 0. The timing 
generator counter 160 starts counting clock pulses at zero and counts up to a last count 
reached during a PWM control pulse intCTval. In the presently preferred example, the last 
count reached in any given interval lies within a range between 64 and 127 counts. Then, 
the counter 1 60 resets and the upM^ounting cycle is repeated continuously during 

30 controller oporertion. Each count value during a count interval is put out over a seven-bit 
bus 162. 

In order to provide controlled frequency dither the pseudo-^random period 
generator 20 incorporates an eight-bit linear feedback shift register (LFSR) 168. When a 
35 dither control is asserted as part of programming at the factory, the LFSR 168 genemtes 
and puts out five-bit pseudo-random numbers (0-63) hi a pattern liiat repeats every 255 
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counts. The word pattern looks aU "mixed up'' random-li^ Each 
possible 8-bit number (excludii^ zero) is used only oiice during each pattern. 

Each five-bit number put out by the LFSR 1 68 is summed with a rninimirai value 
5 of 64 at a summing node 1 70 and the resultant pseudo-random sum (lying in a range 
including 64 and 127) is applied as one input to an equivalence circuit 164. The 
equivalence circuit 164 compares the coimt put out by the seven-bit counter 160 with the 
current pseudo-random sum. When equivalence is detected, a clear logic level is asserted 
on a path 166 which clears the seven-bit counter 160 and causes the next counting period 

10 to coromence. It also clocks the LFSR 1 68 which then asserts a next pseudo-random 

number to surnniing circuit 170. In this manner the value of last count reached by coxmter 
160 is at least 64 and it varies up to 127 in a pseudo-random fashion. A count interval of 
64 represents a highest dither frequency while a count interval of 127 represents a lowest 
dither frequency in this example. The master clock period variation or "jitter" is provided 

15 in a digitally controlled manner in order to lower electromagnetic interference by jittering 
tiie PWM switching interval period of the power supply and therefore spreading or 
smearing the potential interference over a very wide spectrum. 

The seven-bit master count on the bus 162 is sent into a count zero comparator 
20 174, a count 63 comparator 176, a blanking comparator 178 controlling a blanking latch 
180, a mmimiiTn duty cycle comparator 182 controlling a nMnimum duty cycle latch 184, a 
maximum duty comparator 186, an ADC comparator 188 and a sofl-start comparator 190. 
The ADC comparator 1 88 feeds into an AND gate 192 which is enabled by a voltage 
mode control VMODE and enters an OR gate 196. (During current mode control 
25 operation, tids function is disabled.) The maximum duty comparator 1 86 and the soft- 
start comparator 190 also feed into the OR gate 196. An output of OR gate 196 sets a 
maximum duty latch 198. 

The count zero comparator 174 puts out a control COUNTZERO when the value 
30 on the master bus 162 is zero. The count 63 comparator 176 puts out a control 

COUNT63 when the value on the master bus reaches the coxmt of 63 (which it will reach 
in each cycle irrespective of the dithered last value). The blanking comparator 178 
compares the master bus count value with a blanking value and sets the blanking latch 
180 at equivalence. The blanking value is provided to blank a very short duration high 
35 current spike that is typically present at the beginning of each switching interval of power 
supply 100 due to parasitics associated with the primary side circuit, so that nuisance trips 
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are prevented. The rninimum duty cycle coraparator compares the master bus count value 
vsith a minimum duty cycle value and sets the mininmim duty cycle latch 1 84 at 
equivalence. Once set, the blanking latch 1 80 asserts a control BLANKOK, the minimum 
duty cycle latch 1 84 asserts a control MINDUTYOK, and the maximum duty cycle latch 
5 198 asserts a control MAXDUTYOKj, for the duration of the current count interval. 

When COUNTZERO becomes asserted at the begiiming of the next master count interval, 
latches 1 80, 184 and 198 are cleared. 

The soft-start circuitry 18 includes a divide-by- 1 6 counter 200 which is clocked at 
10 the PWM pulse reference rate by the clear value on the path 166 and which in turn clocks 
a six-bit counter 202. The six-bit counter puts out a sequence of successively increasing 
values to the soft-start comparator 190 thereby successively increasing the 
MAXDUTYOK interval. The six-bit counter is cleared by an enable-blanking control 
ENABLEB. 

15 

Turning to Figure 4B, the MINDUTYOK and the MAXDUTYOK controls are 
logically ANDed by AND gate 204 to produce a combined control value on path 205. A 
current limit control ILIMIT is logically ANDed with the BLANKOK control by AND 
gate 206 to produce a second combined control on path 207. Combined controls on paths 

20 205 and 207 are ORed by OR gate 208 and a composite output thereof is used to reset a 
maximum period latch 210. The maximum period latch 2 1 0 is set at the beginning of 
each count interval by the COUNTZERO control and has an output which remains true 
until the latoh 21 0 is reset A comparator 212 asserts a true output so long as the ADC 
value is not zero. An AND gate 214 passes a true logic level representing the ADC count 

25 reached during each master interval until the latch 210 is reset, thereby determining the 
present pulse width applied at the gate node 150. 

The current limit threshold DAC 32 is preferably a 5-bit DAC and has a digital 
control, IDAC. IDAC is implemented by an OR gate 216 and by a jfive-bit OR gate array 

30 218. The current limit threshold DAC 32 has two modes, one of which is set at the 
factory. In voltage control mode the DAC 32 is always i^t to full scale. This setting 
provides for over-current protection. In current control mode, the DAC is set to ftill scale 
during the minimum duty cycle interval and at the ADC controlled value during the rest 
of the interval. This mode allows for both current Umit protection and current mode 

35 control. 
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Reference Clock Generator 14 

As an alternative to the classic low frequency oscillator within a PLL, the 
reference clock generator 14 shown in Figure 3 may follow the switched-capacitor 
5 approach shown in the Figure 5 schematic. This approach yields directly a high frequency 
clock, having a nominal clock period of 120ns (a frequency of approximately 8.3MHz). 
While a frequency of 8. 3MHz is presently preferred, the oscillator 14 may be configin-ed 
to operate over a wide frequency range, such as l-150MHz. The Figure 5 approach 
employs a DC reference current source 220 supplying a constant current in accordance 

1 0 with Iref = Vref/R where R is a fixed intemal resistance and where Vref is a reference 
voltage provided by an on-chip voltage regulator. A switched-capacitor current source 
226 switches charge into a transconductance amplifier 222 having an intemal feedback 
capacitance 224 in order to form a simple; error integrator. A voltage-controUed-oscillator 
(VCO) 236 receives a control voltage from the integrator 222 over a path 225 and directly 

1 5 generates the 1 20ns period clock. 

In addition to providing a reference high frequency clock to the digital logic 
circuitry 16 and the ADC 30, the VCO 236 provides a clock directly to a divide-by-n 
Gotmter 238. The divide-by-n coimter 238 divides the clock by the divisor n, and the 

20 resulting quotient is used to clock a non-overlappmg switch phase generator 240 which 
generates non-overlapping switch phases Phi 1 and Phi 2. The period of these phases is 
directly controlled by the clock frequency, and the phases provide feedback control to four 
CMOS switches 228, 230, 232 and 234 connected to cause the capacitor 226 alternatively 
to charge and discharge, with the charge period being related to the clock period put out 

25 by the VCO 236. With a 120ns clock period, a divisor n of 4 to 8 is presently preferred. 
The separation of the Phi 1 and Phi 2 switch edges can be small, on the order of 
nanoseconds. 

Operation is as follows: The high frequency clock output from VCO 236 is 
30 divided down and drives the switch capacitor current source 226 by way of the non- 
overlapping switch phase generator 240. If the VCO 236 generates an excessively fast 
clock, more average cmrent is delivered by the switched capacitor current source 226. 
The switched capacitor current is compared with the reference current from the reference 
source 220. The resulting error current is integrated by integrator 222 and provides a 
35 negative control voltage to the VCO 236 which decreases the clock frequency and returns 
the clock loop to equilibrium at the desired clock rate. The reverse situation obtains if the 
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clock is excessively slow. The currCTLt sigos put out by the integrator 222 to control the 
VCO 236 are chosen to provide negative feedback. Equilibrium occurs when the 
switched capacitor current source 226 equals the re£^mce current The resistor R may 
also be implemented by a low TC combination of a PTAT and CTAT current sources. 
5 The frequency F of the oscillator may be derived with the aid of the following equations 
and approximations: 

i=:Vref~C-VreflR i ^Vrefi—C-\l R)^(i :.F = — 
n n RC 

10 While the reference oscillator 14 may have some inherent frequency jitter, this 

jitter, if present, is salutary in that it adds to the desirable dither and reduced EMI put out 
by the PWM controller 10. 

Delta-SigmaADC30 

15 

While Delta-Sigma ADC's are known in the art, use of a synchronous 
oversamplii]^ delta-sigma ADC to sample average error voltage within a CMOS PWM 
controller provides an elegant, accurate solution to the need for digital quantization of the 
average error signal. The synchronous delta-sigma ADC 30 comprises an first order 

20 modulator followed by an first order sin(x)/x decimation filter. The first order sin(x)/x 
decimation filter has transmission zeros or "nulls" at the PWM firequency and all of its 
harmonics. Thus, any order filtCT provides ideally perfect attenuation of the output ripple. 
The loop bandwidth of the PWM is much lower than the PWM frequency. As a result, 
the shaped quantization noise from the ADC is highly attenuated. The effective 

25 resolution of the ADC is much hi^er than the decimation filt^ output 

In order to minimize chip die surface area and power dissipation, the preferred 
embodiment of ADC 30 shown in Figure 6 is realized as a first order continuous time 
modulator 246 and a first order decimation filter 248. The modulator 246 includes a 

30 transconductance amplifier 250 having an integration capacitor 252 and forming an 

integrator for integrating the inconning feedback control level from comparator 43. The 
integrator output is digitized by a voltage comparator 254 clocked by the reference clock. 
The comparator 254 provides a single-bit digital output feeding into a one-bit DAC 256 
clocked by the reference clock. The DAC 256 applies an analog value to an inverting 

3 5 input of the transconductance amplifier 250 where it is added to the input (error or 
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feedback control) voltage level. The first order modulator 246 fortns an unstable 
feedback loop that oscillates with an average duty cycle that is proportional to the input 
voltage. The instability is caused by the high effective voltage gain of the comparator 
254/one bit DAC 256 combination. By using this topology for the feedback, the 
5 quaatization noise at the comparator output is "shaped" to miiiimize the low JBrequency 
content in accordance with known properties of sigma-delta ADCs of the prior art. 

The output of the comparator 254 provides an enable count control for enabling a 
6-bit counter 258 to up-count at the reference clock rate during an interval which begins 

10 upon assertion of the enable count control and which continues until deassertion of the 
enable count control. The count reached represents an averaged (filtered) digital 
representation of the input voltage level. The counter 258 is cleared by the 
COUNTZERO control, and a new count is accumulated during each PWM cycle. The 
particular count of clock pulses reached by the counter 258 at the incidence of the 

15 COUNT63 contool is latched into a register 260 and is supplied as a six-bit ADC output to 
the logic circuit 16, As used herein the term "decimation" refers to the fact the outputs of 
counter 258 are used only when COUNT63 is true (this circumstance repeats at a rate 
equal to the reference clock rate divided by 64). In the presently preferred example^ the 
period of the integrator gm/27cC is approximately lOOkHz with each count interval 

20 equaling the master clock period of approximately 120ns. By using an ADC 30 with an 
oversampling delta-sigma modulator and a synchronous decimation filter, the average 
feedback voltage present at the feedback input node 48 is correctly computed for each 
PWM cycle. 

25 Frequency Jitter 

As shown in Figure 4 A, the logic circuit 16 includes a LFSR 168 having a length 
of 8-bits. The particular length of LFSR 168 controls the low fi*equency content of the 
jitter. The LFSR 168 is clocked at the PWM firequency. As noted above^ period-dithering 

30 reduces the amplitude of the peaks of s witching frequency harmonics in the frequency 

domain by spreading the energy across nearby frequencies. To aaalyze the relative effect 
of this dithering process, the original (non-dithered) and dithered PWM signals are 
filtered by a 9kHz bandpass filter centered at the fimdamental switching frequency. This 
provides a desired bandwidth at an input of a spectrum analyzer used for making EMI 

35 measurements. 
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Figure 7 r^resents a non-difh^d signal depicting current in switching 
transformer 108 operating with a switching j&equency of 130kHz and a constant 40% duty 
cycle. 

5 Figure 8 represents a typical dith^ed signal at a frequency about 130kHz, The 

dithered switching signal was normalized such that it represents the same average current 
as the non-dithered signal of Figure 7. 

Figures 9 A, 9B, 9C and 9D represent measured frequency spectra of the primary 
10 side PWM controller 10 depicted in Figure 1 using an 8 bit LFSR 168 with five taps set to 
generate the period variations. The measurements were taken with a 500mA load and 
with a IkHz bandwidth set into the spectrum analyzer. Figure 9A depicts a spectrmn with 
zero dither. Figure 9B depicts a spectrum with 10.7% dither, and shows some reduction 
of peak amplitude of harmonics of tibe switching frequency. Figure 9C depicts a spectrum 
15 resulting from 47.7% dither, showing considerable reduction in spectral switching peaks 
over a sampling interval. Figure 9D depicts a spectrum resulting from 96.9% dither, 
showing virtually no spectral switching peaks but an elevated general noise level across 
the spectrum being depicted. Of the four examples presented in Figures 9A, 9B, 9C and 
9D, the dithering level of 96.9% shown in Figure 9D represents the greatest level of 
20 resultant EMI reduction. 

Thus, it will be appreciated that by using a CMOS logic implraientation for the 
PWM controller 10, precise and robust jitter may be added m a controlled manner, unlike 
the random approaches taken in the prior art The digital jitter imposed upon the PWM 
25 switching signal by the LSFR 168 is simple to measure and test. 

Having thus described preferred embodiments of the invention, it will now be 
appreciated that the objects of the invention have been fiJly achieved, and it will be 
understood by those skilled in the art that many changes in construction and widely 
30 differing embodiments and applications of the invention will suggest themselves without 
departing from the spirit and scope of the invention. 

For example, the reference oscillator may be employed in many digital 
applications beyond PWM control, such as microprocessor clock control, for example. 
35 The delta-sigma ADC, clocked by the reference oscillator, may also be employed in vastly 
varying applications and environments. The PWM controller, while illustrated in 
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association with switching off-line power supplies and DC-to-DC converters may be 
employed in other applications such as motor speed control and regulation. Therefoie, the 
disclosures and descriptions herein are purely illustrative and are not intended to be in any 
sense limiting. 
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What is claimed is: 

1 . A digital pulse widfli modulation (PWM) controller embodied in a unitary 
monolithic complementary metal oxide semiconductor (CMOS) integrated circuit (IC) 
and comprising: 

(a) an input node for receiving a feedback control value related to an output 
parameter of an electrical circuit controlled by the digital PWM controller, 

(b) a digital output switch connected to an output node for providing digital 
width-modulated control pulses at a control pulse rate to control duty cycle 
of the power circuit, the digital width-modulated control pulses being 
width-modulated in relation to the feedback control value, 

(c) a digital reference clock generator for generating a reference clock at a 
reference clock rate much higher than the control pulse rate, 

(d) an oversampling analog-to-digital converter for sampling the first feedback 
control value at the reference clock rate and for converting and filtering 
the first feedback control value at the input into digital feedback words at 
the control pulse rate, and, 

(e) digital control logic clocked at the reference clock rate for establishing a 
minimum control pulse interval, a maximimi control pulse interval, and a 
data acquisition interval; for synchronizing and controlling the 
oversamplmg analog-to-digital converter at the control pulse rate and for 
generating and applying the digital width-modulated control pulses to the 
digital output switch at the control pulse rate* 

2. The CMOS digital PWM controller set forth in claim 1 wherein the digital 
reference clock generator generates the reference clock at a rate in a range between 
approximately 10 times and 100 times the control pulse rate. 

3. The CMOS digital PWM controller set forth in claim 1 wherein the digital 
control logic includes a digital jitter circuit for adding digitally generated jitter to the 
control pulse rate to reduce electromagnetic interference. 
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4. The CMOS digital PWM controller set forth in claim 3 wherein the digital 
jitter circuit includes a linear feedback shift register clocked at the reference clock rate^ 
preferably wherem the linear feedback shift register is configurable to generate a pseudo- 
random jitter count having a value which when added to tlie a count corresponding 
approximately to the minimum control pulse interval results in a sum of counts 
representing an interval within the minimum control pulse interval and the maximum 
control pulse interval. 

5. The CMOS digital PWM controller set forth in claim 1 wherein the first 
oversampling ADC comprises a delta-sigma analog-to-digital converter (ADC). 

6. The CMOS digital PWM controller set forth in claim 5 wherein the 
synchronous delta-sigma ADC comprises a digital n*^ order modulator followed by a 
digital m^ order sinx/x decimation filter^ preferably wherein the* synchronous delta-sigma 
ADC comprises a digital first order modulator followed by a digital first order sinx/x 
decimation filter. 

7. The CMOS digital PWM controller set forth in claim 1 further comprising 
second parameter sensing circuit means for sensing a second operating parameter of the 
power circuit; and, wherein the digital control logic receives and uses the second 
operating parameter to control generation of the digital width-modulated control pulses 
apphed to the digital output switch at the control pulse rate, 

8. The CMOS digital PWM controller set forth in claim 7 wherein the second 
parameter sensing circirit means includes an overcurrent comparator circuit for sensing 
overcurrent of an external switching transistor of the electrical circuit controlled by the 
digital output switch, preferably fiirther comprising a low resistance overcurrent sensing 
resistor element connected between a ground node connection of the controller and the 
digital output sv^tch connected to the output node, and wherein the overcurrent 
comparator circuit is connected to the overcurrent sensing resistor element 

9. The CMOS digital PWM controller set forth in claim 7 wherein the second 
parameter sensing circuit includes a digital-to-analog converter (DAC) circuit controlled 
by digital control logic for establishing a reference current level at the overcurrent 
comparator circuit. 
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1 0. The CMOS digital PWM controller set forth in claim 1 wherein digital 
reference clock generator generates a reference clock at a reference clock rate much 
highesr than tihe control pulse rate without requiring any frequency-setting circuit elements 
external to the IC, preferably wherein the digital reference clock generator comprises 
within a circuit loop: 

(i) a switched capacitor current source having a characteristic capacitance C, 

(ii) an error integrator including a dc reference current source having a 
characteristic current of a reference voltage (Vref) divided by a 
characteristic resistance (R), 

(iii) a high frequency voltage controlled oscillator, 

(iv) a divide-by-n counter, and, 

(v) a non-overlapping clock generator for controlling the switch capacitor 
current source, 

such that an output frequency F of the referrace clock is approximately equal to n/RC. 

1 1 . The CMOS digital PWM controller set forth in claim 1 wherein the digital 
state control logic includes soft start logic for starting up the digital PWM controller 
during an initial IC power on interval. 

12. The CMOS digital PWM controller set forth in claim 1 wherein the digital 
control logic comprises: 

(a) a multi-bit digital coimter clocked at the reference clock rate for generating 
each control pulse interval, 

(b) a period control pulse interval circuit for comparing a count reached by Ihe 
multi-bit digital counter with an interval value greater than n determined to 
represent a present control pulse interval, and for clearing the multi-bit 
digital counter at equivalence. 
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(c) a count-zero comparator for putting out a COUNTZERO value to clear the 
first ADC when the multi-bit digital counter is cleared, and 

(d) a count n comparator for putting out a COUNTN value to latch a count 
reached by the ADC when the multi-bit digital counter reaches a count of 
n. 

13. The CMOS digital PWM controller set forth in claim 12 wherem the 
period control pulse interval circuit includes a linear feedback shift register clocked at a 
rate equal to a repetition rate of the present control pulse interval for generating a pseudo- 
random PWM period- 

14. The CMOS digital PWM controller set fortti in claim 12 wherein the 
digital control logic further comprises a minimum duly comparator for comparing a count 
reached by the multi-bit digital counts with a predetemiined minimum duty interval 
value aad a minimum duty latch set true upon equivalence thereof for providing a 
MINDUTYOK control; a maximum duty comparator for comparing a count reached by 
the multi-bit digital counter with a predetermined maximum duty interval value and a 
maximum duly latch set true upon equivalence thereof for providing a MAXDUT YOK 
control; the minimum duty latch and the maximum duty latch being reset by the 
COUNTZERO value; a duty interval AND gate set true when MINDUTYOK and 
MAXDUTY controls are trae; a PWM interval latch set by the COUNTZERO value and 
reset when the AND gate is set true; and a PWM AND gate for passing the ADC value for 
so long as the PWM interval latch remaias set. 

15. The CMOS digital PWM controller set forth in claim 1 wherein Ihe digital 
state control logic includes digital logic elements for the control of controlling PWM duty 
cycle withiQ a range lying within a nnnimum duty cycle limit, and a maximum duty cycle 
limit. 

16. The CMOS digital PWM controller set forth in claim 15 firrther including 
a blanking comparator for comparing a coimt reached by the multi-bit digital coimter with 
a predetermined blanking iaterval value, and a blanking latch set by the blanking 
comparator and cleared by the COUNTZERO control for providing a BLANKOK control. 
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preferably wherein the digital logic elements include elements responsive to the 
BLANKOK control for establishing PWM duty cycle range in relation to a current limi t 

1 7. The CMOS digital PWM controller set forth in claim 15 wherein Ihe 
digital logic elements also establish PWM duty cycle range in relation to a soft start 
sequence. 

18. The CMOS digital PWM controller set forth in claim 1 wherein the IC is 
factory-configured, packaged and connected as one of three-terminal electronic device 
configuration and multi-terminal electronic device configuration. 

1 9. The CMOS digital PWM controller set forth in claim 1 wherein the 
electrical circuit comprises a switching power supply, preferably further comprising a 
startup circuit for controlling a path for conducting voltage present at the output node to a 
bias node during an initial power up sequence and for disconnecting the path after bias 
voltage is determined to be present at the bias node. 

20. A digital pulse width modulation (PWM) controller chip having 

(1) a clock generator for directly generating a samplmg clock at a frequency 
higher thmi a control pulse rate without requiring a phase locdced loop, 

(2) an oveisampling analog-to-digital converter clocked by Ihe sampling clock 
for converting OTor signals into filtered digital values, 

(3) an output for controlling duty cycle of an electrical device in accordance 
with width-modulated digital control pulses supplied at the control pulse 
rate, and, 

(4) digital control logic for receiving the digital values and for generating the 
width-modulated digital control pulses in relation to the digital values. 

21 . The digital PWM controller chip set forth in clahn 20 wherein the digital 
control logic includes: 
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(a) a multi-bit digital counter clocked at the reference clock rate for generating 
control pulse intervals, 

(b) a period control ptdse interval circuit for comparing a coxmt reached by the 
multi-bit digital counter with an interval value, and for clearing the multi- 
bit digital counter at equivalence, 

(c) a count-zero comparator for putting out a COUNTZERO value to clear the 
ADC when the midti-bit digital counter is cleai ed, and 

(d) a compai-ator for putting out a COUNTN value to latch a value held by the 
ADC when the multi-bit digital counter reaches the interval value. 

22. The digital PWM controller chip set forth in claim 2 1 wherein the digital 
control logic includes a minimum duty comparator for comparing a count reached by the 
multi-bit digital counter with a predetermined naimmum duty interval value and a 
minimum duty latch set true upon equivalence thereof for providing a minimum duty 
control; 

a maximum duty comparator for comparing a count reached by the multi-bit 
digital counter with a predetermined maximum duty interval value and a maximum duty 
latch set true upon equivalence thereof for providing a maximum duty control; tte 
minimmn duly latch and the maximum duty latch being reset by the COUNTZERO value; 

a duty interval AND gate set true when the minimum duty and maximum duly 
controls are true; 

a PWM interval latch set by the COUNTZERO value and reset when the AND 
gate is set true; and, 

a PWM AND gate for passing the ADC value for so long as the PWM interval 
latch remains set. 

23 . The digital PWM controller chip set forth in claim 2 1 further comprising a 
Imear feedback shift register clocked at a rate equal to a repetition rate of the present 
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control pulse interval for genearating and applying a pseudo-random sequence to the period 
control pulse interval circtdt to aid generating a pseudo-random P WM period 

24. The digital PWM controller chip set forth in claim 20 wherein the clock 
generator for directly generating the sampling clock at a fiequency higher than a control 
pulse rate without requiring a phase locked loop includes within a circuit loop: 

(i) a switched capacitor current source having a characteristic capacitance C, 

(ii) an error integrator including a dc reference current source having a 
characteristic current of a reference voltage (Vref) divided by a 
characteristic resistance (R), 

(iii) a high frequency voltage controlled oscillator, 

(iv) a divide-by-n counter, and, 

(v) a non-overlapping clock generator for controlling the switch capacitor 
current source, 

such that an output frequency F of the reference clock is ^jproximately equal to n/RC. 

25. The digital PWM controller chip set forth in claun 20 wherein the 
oversampling analog-to-digital converter (ADC) comprises a synchronous ddta-sigma 
ADC including a digital n*^ order modulator followed by a digital m*^ order sinx/x 
decimation filter, preferably wherein the synchronous delta-sigma ADC comprises a 
digital first order modulator followed by a digital first order sinx/x decimation filter, 

26. The digital PWM controller chip set forth in claim 20 wherein the chip is 
formed as a low voltage complementary metal oxide silicon integrated circuit 

27. A clock generator embodied as an integrated circuit (IC) without any 
frequency detemiining elements external to the IC for directly generating a high frequency 
and without requiring a phase locked loop comprismg within a circuit loop: 

(i) a switched capacitor current source having a characteristic capacitance C, 
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(ii) an error integrator including a dc reference current source having a 
characteristic current of a reference voltage (Vref) divided by a 
characteristic resistance (R), 

(iii) a high frequency voltage controlled oscillator, 



(iv) a divide-by-n counter, and. 



(v) a non-overlapping clock generator for controUing the switch capacitor 
current source, 

such that an output frequency F of the referratce clock is approximately equal to n/RC, 
preferably whearein tbe high firequency voltage oscillator generates a high frequency in a 
range bounded by one and 150 ^DHz. 



28. An electronic circuit embodied within a complementary metal oxide 
siUcon integrated circuit chip having an hiput for sampling a signal at an input and for 
providing digital output values at a data output rate, the circuit including: 

(a) a clock generator for directly generating a sampling clock at a frequency 
much higher than the data output rate without requiring a phase locked 
loop; and. 



(b) an oversampling analog-to-digital converter clocked by the sampling clock 
for converting the signal hito filtered digital values at the data output rate. 

29. The electronic circuit set forth in claim 28 wherein the clock generator 
comprises: 



(i) a switched capacitor current source having a characteristic capacitance C, 

(ii) an error integrator includnig a dc reference current source having a 
characteristic current of a reference voltage (Vref) divided by a 
characteristic resistance (R), 
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(iii) a high frequency voltage controlled oscillator 

(iv) a divide-by-n counter, and, 

(v) a non-overiappiag clock gen^or for controlling the switch capacitor 
current source, 

such that aa output frequency F of the reference clock is approximately equal to n/RC, 
preferably wherein tlie synchronous delta-sigma ADC comprises a digital first ordei* 
modulator followed by a digital first order sinx/x decimation filter. 

30. The electronic circuit set forth in claim 28 wherein the oversampling 
analog-to-digital converter (ADC) comprises a synchronous delta-sigma ADC including a 
digital n* order modulator followed by a digital m*^ order sinx/x decimation filter. 

3 L A digital pulse widtb modulation (P WM) controller integrated circuit chip 
including: 

(a) a clock generator for generatmg a sampling clock, 

(b) an analog-to-digital converts clocked by the sampling clock for convertmg 
error signals into filteared digital values, 

(c) an output for controlling duty cycle of an electrical device in accordance 
with width-modulated digital control pulses, and, 

(d) digital control logic for receiving the digital values and for generating the 
width-modulated digital control pulses in relation to the digital values, the 
digital control logic including a digital jitter circuit for adding digitally 
generated jitter to the control pulses to reduce electromagnetic interference, 
preferably wherein the digital jitter circuit includes a linear feedback shift 
register for generating a repeating pseudo-random digital sequence, and a 
digital combining circuit for combming each value of the pseudo-random 
digital sequence with sequential ones of the digital values to provide 
pseudo-randomized control pulses. 
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Continuation of Box 1.2 



Claims Nos.: - 



Claims 1,15: By default a minimum and a maximum control pulse interval 
are present. The minimum control pulse interval may be 0% and the 
maximum control pulse interval may be 100% but they are still present. 
Claim 14, on the other hand, specificly includes features that allows 
specific minimum and and maximum values. 



Claim 18: Two options are claimed: EITHER a 3-terminal device device OR 
a multi-terminal device. The last option is trivial. THe formulation of 
the claim is not really clear. 



Claim 19: Without the features included with "...preferably further 
comprising..." the claim would contain no special technical features. 
Features included with "...preferably further comprising..." can 
normally be considered optional and may be disregarded, but in this case 
they are considered present in order to allow SOTie features for search. 

The applicant's attention is drawn to the fact that claims relating to 
inventions in respect of which no international search report has been 
established need not be the subject of an international preliminary 
examination (Rule 66.1(e) PCT) . The applicant is advised that the EPO 
policy when acting as an International Preliminary Examining Authority is 
normally not to carry out a preliminary examination on matter which has 
not been searched. This is the case irrespective of whether or not the 
claims are amended following receipt of the search report or during any 
Chapter II procedure, if the application proceeds into the regional phase 
before the EPO. the applicant is reminded that a search may be carried 
out during examination before the EPO (see EPO Guideline C-VI, 8.5), 
should the problems which led to the Article 17(2) declaration be 
overcome . 
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FURTHER INFORMATION CONTINUED F ROM PCT/ISA/ 210 

This International Searching Authority found multiple (groups of) 
inventions in this international application, as follows: 

1. claims: 1-5 7 8 15 18 20 26 28 31 

A digital pulse width modulation (PWM) controller, 

with a digital jitter circuit for adding digitally generated 
jitter to the control pulse rate to reduce electromagnetic 
interference. 

2. claim: 6 25 3D 

A digital pulse width modulation (PWM) controller, 

with a synchronous delta-sigma ADC that comprises a digital 
n*th order modulator followed by a digital m'th order sinx/x 
decimation filter. 

3. claim: 9 

A digital pulse width modulation (PWM) controller, 

with a D/A- converter for establishing a reference current 
level at a overcurrent comparator circuit. 

4. claim: 10 24 27 29 

A digital pulse width modulation (PWM) controller, 
with a digital reference clock generator that comprises: 

a) a switched capacitor current source, 

b) an error integrator, 

c) a high frequency voltage controlled oscillator, 

d) a divide-by-n-counter, 

e) a non-overlapping clock generator, 
within a circuit loop. 

5- claim: U 17 
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A digital pulse width modulation (PWM) controller, 

with soft start logic for starting up the digital PWM 
controller during an initial power on interval. 

6. claims: 12-14 15 21-23 

A digital pulse width modulation (PWM) controller, 

with: 

a) a multi-bit digital counter clocked at a first reference 
clock rate, 

b) a period control pulse interval circuit, 

c) a count -zero comparator, 

d) a count-n comparator. 

7. claim: 19 

A digital pulse width modulation [PWM) controller, 

with a startup circuit for controlling a path for conducting 
voltage present at the output node to a bias node during an 
initial power up sequence and for disconnecting the path 
after bias voltage is determined to be present at the bias 
node. 
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